Abstract: A grid connected inverter usually requires voltage and current measurements to control the active and reactive powers as well as the inverter output currents. While voltage sensors are essential to obtain reliable information on the phase angle, these additional components certainly increase the production costs and complexity. In this paper, a voltage-sensorless control scheme for a grid connected inverter using a disturbance observer (DOB) is presented. The grid voltages are estimated by DOB in the stationary reference frame using the current measurements and reference signals. Even though the DOB estimates the grid voltages with reasonable accuracy in the presence of the uncertainty such as the unbalanced condition and harmonic distortion, the resultant waveform shows a phase lag depending on the estimation bandwidth. To overcome this limitation, a phase lead compensation is introduced. By using these techniques, the phase angle of grid voltages can be completely restored even if the phase angle of grid is initially unknown. The proposed scheme is simple and straightforward. In addition, it does not require any additional hardware. The feasibility of the proposed voltage-sensorless control scheme is demonstrated through simulations and experiments using 2 kVA prototype inverter.
Introduction
Recently, distributed generations (DGs) using renewable energy resources, which include the wind power and photovoltaic generation, have been received an increased attention. A primary objective in future electrical network is to maximize the penetration of DG systems in constructing the microgrid in a way that enhances the overall grid stability and reliability [1] . Because most DGs operate in a grid connected mode, single-phase or three-phase grid connected inverters have become key power electronic interfaces between DG and the utility grid [2] [3] [4] [5] [6] [7] [8] [9] [10] . The main goal of grid connected inverters is to inject the current into the electrical power grid with high performance in the sense of a fast dynamic response, robustness to disturbance, and zero tracking error. The power quality of the injected current should be sufficiently high even if the grid voltages encounter uncertain disturbances such as the harmonic distortion and imbalance. In addition to those properties, the pulsewidth modulation (PWM) grid connected inverter should provide essential functions such as the grid synchronization, the control of the active power, and the injection of the reactive power under specific condition to meet the grid codes.
Undesirable harmonic contents in electrical system disrupt power transformer operation and produce excessive power dissipation in the transmission lines [2] . Moreover, the harmonic pollution leads to many critical problems such as the distorted grid voltages, malfunction of the high accuracy equipment, and damage on the electrical systems [11] . For this reason, the harmonic restriction standards such as IEEE-519 or IEC 61000-3-2 have been published to limit the amount of harmonic current injected into utility grid [12] . In the same vein, many researchers have investigated the strategies to improve the power quality of the grid connected inverter by mitigating the current harmonics [11] [12] [13] [14] [15] [16] [17] [18] . As a selective harmonic compensation scheme, a proportional integral (PI)-resonant current controller has been presented to compensate low-order harmonic terms selectively [13, 16] . As an alternative method, nonselective harmonic compensation techniques such as the sliding mode control [11] , predictive control [17] , and repetitive control [18] have been designed.
As the expansion of DG systems progresses rapidly, the economic feasibility such as the manufacturing cost and system size has become another desirable feature in grid connected inverters. Less feedback sensors often lead to smaller size of hardware and lower cost [1] . To maximize the efficiency and performance, most of grid connected inverters employ three types of sensors in their structure which are the DC link voltage sensor, the grid voltage sensors, and current sensors [19] .
Meanwhile, there have been attempts to eliminate some of these sensors in power electronics converters [19] [20] [21] [22] [23] . These studies pursue to reduce the system complexity in PWM rectifiers or inverters, while still retaining the system performance and reliability. To allow the grid voltage sensorless operation in single-phase grid connected converters, the voltage estimation scheme based on the measured currents and converter parameters has been proposed [20] . The voltage estimation from the estimated instantaneous active and reactive powers has been studied for PWM converters [21] . However, since this scheme requires numerical differentiation, high-frequency noises may degrade the estimation accuracy.
A nonlinear Luenberger type observer has been presented to eliminate the line voltage sensors in three-phase voltage source converter [22] . To estimate the equivalent grid impedance and equivalent grid voltage, an extended Kalman filter has been introduced [23] . Although these schemes give a relatively good estimation performance, it is not easy to implement these schemes in commercial systems due to the algorithm complexity and computational burden. Furthermore, these methods have not been verified under various grid conditions including the grid uncertainties such as the imbalance and harmonic distortion.
As another approach, numerical algorithms such as the Newton-Raphson optimization, was introduced to estimate the grid voltage in three-phase grid connected voltage source converters [19] . However, it is well known that this scheme is quite complicated because nonlinear interconnected equations should be solved by iteration. In addition, the convergence should be carefully considered to get the solution with an acceptable accuracy. Grid synchronization method without the line voltage sensors has been presented by using an adaptive observer to estimate unknown dynamics [1] .
As an effective way of observing external disturbances in systems, the estimation principle based on DOB has recently been studied [24] . In theory, the DOB uses the information on the output measurement and known control input together with the system inverse model to estimate the unknown disturbances. In view of the state equation model of a grid connected inverter, the grid voltages can be regarded as the disturbance, which enables the estimation of grid voltages through the DOB.
To retrench the manufacturing cost without the loss of reliability, this paper proposes a voltage-sensorless control scheme for a grid connected inverter using DOB. The proposed scheme mainly consists of two parts: a current control design based on the proportional-resonant (PR) controller and the estimator design of grid voltages based on the DOB. Generally, to synchronize the grid connected inverters to utility grid, a phase-locked loop (PLL) algorithm using the measured voltages is applied because of its simplicity and performance. To obtain the grid voltage information without voltage sensors, the proposed scheme employs the DOB based estimation using the current measurements and reference signals. The estimated grid voltages exhibit the phase lag from actual grid voltages due to the bandwidth limit of the DOB. This phase delay is compensated before the estimated grid voltages are used in the PLL algorithm to determine the phase angle of grid voltages. To validate the effectiveness of the proposed voltage-sensorless control scheme, 2 kVA prototype grid connected inverter has been constructed using the digital signal processor (DSP) TMS320F28335 [25] . Through the comparative simulations and experiments, it is verified that the proposed scheme works usefully with a reasonable reliability even under the grid uncertainties such as the imbalance or harmonic distortion. Figure 1 shows the configuration of a grid connected inverter connected to the utility grid through an L filter. In the stationary reference frame, the mathematical model of three-phase grid connected inverter is described as follows:
Modeling of a Grid Connected Inverter
where the subscript "αβ" denotes the stationary reference frame; v α and v β are the q-axis and d-axis inverter voltages in the stationary frame, respectively; i α and i β are the q-axis and d-axis inverter currents in the stationary frame, respectively; e α and e β are the q-axis and d-axis grid voltages in the stationary frame, respectively; and R and L represent the equivalent resistance and inductance of the filter and connection cables.
Energies 2017, 10, 166 3 of 18 grid connected inverter has been constructed using the digital signal processor (DSP) TMS320F28335 (Texas Instruments, Dallas, TX, USA) [25] . Through the comparative simulations and experiments, it is verified that the proposed scheme works usefully with a reasonable reliability even under the grid uncertainties such as the imbalance or harmonic distortion. Figure 1 shows the configuration of a grid connected inverter connected to the utility grid through an L filter. In the stationary reference frame, the mathematical model of three-phase grid connected inverter is described as follows: To regulate the active and reactive powers of DG system, the current of a grid connected inverter should be controlled with the synchronization to grid voltage. To alleviate the system instability due to the absence of phase angle information at the initial stage, the proposed scheme uses a PR current controller in the stationary reference frame, which contributes to a stability enhancement by minimizing the transformation with phase angle information.
In the stationary reference frame, a PR current controller is expressed as follows:
where
, the symbol "*" denotes the reference quantities, s is a Laplace operator, and r u is the output of the PR controller. In Equation (3), ) (s C is the transfer function of the PR controller expressed as: To regulate the active and reactive powers of DG system, the current of a grid connected inverter should be controlled with the synchronization to grid voltage. To alleviate the system instability due to the absence of phase angle information at the initial stage, the proposed scheme uses a PR current controller in the stationary reference frame, which contributes to a stability enhancement by minimizing the transformation with phase angle information.
T , the symbol "*" denotes the reference quantities, s is a Laplace operator, and u r is the output of the PR controller. In Equation (3), C(s) is the transfer function of the PR controller expressed as:
where K P and K R are the proportional and resonant gains of the PR controller, respectively; ω c is the bandwidth; and ω o is the center frequency. To determine the eventual reference voltages of a grid connected inverter, the grid voltages are added into u r by a feedforward manner as follows:
T is the reference voltages.
The reference voltages are applied through the symmetrical space vector PWM technique. For further development of the DOB using the system inverse model, it is simply assumed that the reference voltages are applied to the terminals of the inverter without any loss and deformation in (1) and (2), the system model of a grid connected inverter is rewritten as follows:
Ls+R I, and I = 1 0 0 1 .
Estimation of Grid Voltage with Disturbance Observer
In this section, a DOB based control structure and grid voltage estimation process are described. From Equations (1) and (2), the state equation of a grid connected inverter can be expressed as follows:
L I, and d = e αβ is regarded as an external disturbance in the state equation.
The objective of the control design is to steer the state y to its desired reference value in the presence of external disturbance d such as the harmonics and imbalance, and at the same time, to obtain the phase angle information by estimating the grid voltages with the DOB. Figure 2 shows the overall block diagram for the proposed voltage-sensorless control scheme. The basic concept of the DOB is that if the disturbed system input u − d can be estimated, the disturbance d can also be estimated by comparing u − d with the known control input u [26] . The reference voltages are applied through the symmetrical space vector PWM technique. For further development of the DOB using the system inverse model, it is simply assumed that the reference voltages are applied to the terminals of the inverter without any loss and deformation in the PWM inverter, that is, 
where The objective of the control design is to steer the state y to its desired reference value in the presence of external disturbance d such as the harmonics and imbalance, and at the same time, to obtain the phase angle information by estimating the grid voltages with the DOB. Figure 2 shows the overall block diagram for the proposed voltage-sensorless control scheme. The basic concept of the DOB is that if the disturbed system input d u − can be estimated, the disturbance d can also be estimated by comparing d u − with the known control input u [26] . From Equation (7), the disturbed control input can be calculated as follows:
) ( From Equation (7), the disturbed control input can be calculated as follows:
with u = v αβ in Equation (6), the disturbed control input u − d can be expressed as
Theoretically, u − d can be calculated from the output y if the system inverse model P −1 (s) is realizable. However, because P −1 (s) is not proper in general, a stable filter Q(s) such as a low pass filter (LPF) is required in the implementation of the DOB in order that P −1 (s)Q(s) is proper.
Selecting Q as the first-order LPF, the disturbed system input u − d is now modified to the filtered value as follows:
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Considering the first-order LPF and Equation (8), the state space expression for the output of the transfer matrix P −1 (s)Q(s) is obtained as follows [26] :
τ I , the symbol "ˆ" denotes the estimated quantities, q is the state of the first-order LPF Q(s),û p is the output of the transfer matrix P −1 (s)Q(s), and a 0 and τ are the filter parameters, respectively. In Equation (12), the outputû p corresponds to the filtered estimate of u − d, which is determined by processing the output y with the transfer matrix P −1 (s)Q(s) as in Equation (10).
Similarly, the same first-order LPF Q(s) is needed to process the known control input u. With the same transfer matrix in Equation (10), the state space representation can be expressed as follows:
where p is the state of the LPF Q(s) and u + denotes the output of the LPF. The output u + represents the filtered estimate of the known control input u. Since two filtered estimates for u − d and u were obtained, the estimated disturbance that is the grid voltages in the stationary frame can be finally calculated as:d
Proposed Voltage-Sensorless Control of a Grid Connected Inverter
In this section, the proposed voltage-sensorless control scheme which estimates the phase angle of the grid voltage is explained using Figure 2 . The q-axis and d-axis current references i * dq are first transformed into the stationary values using the estimated phase angle. Using the processes described in Section 2, the PR current controller is designed for a grid connected inverter in the stationary reference frame. At the same time, the grid voltages are estimated through the DOB by comparing the reference voltages with the current information processed with the system inverse model. The estimated grid voltageê αβ in Equation (15), which is the output of the DOB, is used to compose the reference voltage signal u as well as to generate the phase angleθ through the synchronous reference frame PLL (SRF-PLL).
However, due to the LPF Q(s) used in the implementation of the DOB, the estimated grid voltagê e αβ has some phase delay from the actual grid voltage e αβ . Such a phase delay is caused by the limits of the DOB, which generally depends on the bandwidth of the LPF. Fortunately, the PR current controller with the feedforward of the estimated grid voltage does not deteriorate the current control quality severely even if the estimated grid voltage has small phase delay. Moreover, the frequency variation is not significant in most grids. Thus, the phase angle determined from the estimated grid voltage with the phase delay needs to be compensated.
From the LPF Q(s) in Equation (11), the transfer function of the first element can be obtained as follows:
From Equation (16), the phase delay at the grid frequency introduced by the LPF can be simply calculated as follows:
where ω g denotes the grid angular frequency and θ delay denotes the phase delay due to the LPF in DOB. Letθ denote the phase angle determined from the estimated grid voltageê αβ . Becauseê αβ has the phase delay θ delay from e αβ , the phase angle of the actual grid voltage e αβ can be simply obtained by adding the delay angle θ delay as follows:θ c =θ + θ delay (18) whereθ c is the compensated phase angle which completely reconstructs the phase angle of the actual grid voltage. This phase angleθ c is used to transform the current references into the stationary values in Figure 2 . According to the harmonic limit on IEEE Standard 519-1992, the fifth-and the seventh-order harmonics on the inverter output currents should be less than 4% [27] . To ensure the robustness against harmonic distortions in the grid voltages, the harmonic regulators are incorporated in addition to Equation (4) . Then, the reference voltages of the proposed controller are obtained using the estimated grid voltageê αβ as follows:
Simulations and Experimental Results
To prove the feasibility of the proposed voltage-sensorless control scheme for a grid connected inverter, the simulations and experimental results are presented. The simulations are carried out using the PSIM Software (Powersim, Rockville, MD, USA). Figure 3 shows the configuration of the overall system. The entire system consists of a DC source, a grid connected inverter, a DSP based controller, and three-phase programmable AC power source that can emulate the ideal grid as well as distorted or unbalanced grid. The whole control algorithm is implemented using DSP TMS320F28335 for 2 kVA prototype three-phase grid-connected inverter [25] . The sampling period is chosen as 100 µs both in the simulations and experiments, which yields the switching frequency of 10 kHz. The intelligent power module is employed for three-phase grid-connected inverter. The inverter phase currents are detected by the Hall-effect devices and are converted through internal 12-bit A/D converters, where the resolution of current is 18/2 11 A. Figure 4 shows the experimental test setup consisting of a DSP based controller, three-phase grid connected inverter, magnetic contactor (MC) for grid connection, and three-phase programmable AC power source. The system parameters of the experimental system are listed in Table 1 . Figure 5 shows various grid voltages used for test purpose, which are generated by three-phase programmable AC power source. Figure 5a represents the ideal grid voltages in which the frequency is 60 Hz and the line-to-line voltage is 220 V in root-mean-square (RMS). Figure 5b shows three-phase unbalanced grid voltages with 20% magnitude reduction in c-phase. Figure 5c shows the harmonic distorted grid voltages including 5% of the fifth-and seventh-order harmonics, respectively. Figure 5 shows various grid voltages used for test purpose, which are generated by three-phase programmable AC power source. Figure 5a represents the ideal grid voltages in which the frequency is 60 Hz and the line-to-line voltage is 220 V in root-mean-square (RMS). Figure 5b shows three-phase unbalanced grid voltages with 20% magnitude reduction in c-phase. Figure 5c shows the harmonic distorted grid voltages including 5% of the fifth-and seventh-order harmonics, respectively. Figure 5 shows various grid voltages used for test purpose, which are generated by three-phase programmable AC power source. Figure 5a represents the ideal grid voltages in which the frequency is 60 Hz and the line-to-line voltage is 220 V in root-mean-square (RMS). Figure 5b shows three-phase unbalanced grid voltages with 20% magnitude reduction in c-phase. Figure 5c shows the harmonic distorted grid voltages including 5% of the fifth-and seventh-order harmonics, respectively. Figure 6 shows the simulation results under the ideal grid condition to illustrate the estimation performance for the grid voltages and phase angle using DOB. The grid voltages are estimated in the stationary frame using Equation (15) as represented in Figure 2 . As is clearly observed from Figure  6a , even if the proposed scheme estimates the stationary q-axis and d-axis grid voltages well, the estimated voltages have small phase delay from the actual grid voltage. This result was expected because two filtered signals by the LPF were employed to obtain the estimates for the grid voltage in Equation (15) . However, this phase delay can be easily calculated. As a result, the phase-lead Figure 6 shows the simulation results under the ideal grid condition to illustrate the estimation performance for the grid voltages and phase angle using DOB. The grid voltages are estimated in the stationary frame using Equation (15) as represented in Figure 2 . As is clearly observed from Figure 6a , even if the proposed scheme estimates the stationary q-axis and d-axis grid voltages well, the estimated voltages have small phase delay from the actual grid voltage. This result was expected because two filtered signals by the LPF were employed to obtain the estimates for the grid voltage in Equation (15) . However, this phase delay can be easily calculated. As a result, the phase-lead compensation to reconstruct the phase angle of actual grid voltage can be simply accomplished by Equation (18) . Figure 6b shows the PLL results using the estimated grid voltages with phase-lead compensation. For comparison, two PLL results are shown where one is obtained using the measured voltages and the other using the estimated voltages. It is clearly shown that two waveforms well coincide with each other within three periods, which proves the validity of the proposed grid voltage estimation scheme.
(c) Figure 6 shows the simulation results under the ideal grid condition to illustrate the estimation performance for the grid voltages and phase angle using DOB. The grid voltages are estimated in the stationary frame using Equation (15) as represented in Figure 2 . As is clearly observed from Figure  6a , even if the proposed scheme estimates the stationary q-axis and d-axis grid voltages well, the estimated voltages have small phase delay from the actual grid voltage. This result was expected because two filtered signals by the LPF were employed to obtain the estimates for the grid voltage in Equation (15) . However, this phase delay can be easily calculated. As a result, the phase-lead compensation to reconstruct the phase angle of actual grid voltage can be simply accomplished by Equation (18) . Figure 6b shows the PLL results using the estimated grid voltages with phase-lead compensation. For comparison, two PLL results are shown where one is obtained using the measured voltages and the other using the estimated voltages. It is clearly shown that two waveforms well coincide with each other within three periods, which proves the validity of the proposed grid voltage estimation scheme. Figure 7 shows the estimation performance of the grid voltages and phase angle using the proposed DOB based scheme when three-phase grid voltages are in unbalanced condition as shown in Figure 5b . Even in this case, the DOB still works successfully except for small phase delay as expected. Similarly, the exact phase angle of the grid voltages can be determined by the proposed scheme in a few cycles. Figure 7 shows the estimation performance of the grid voltages and phase angle using the proposed DOB based scheme when three-phase grid voltages are in unbalanced condition as shown in Figure 5b . Even in this case, the DOB still works successfully except for small phase delay as expected. Similarly, the exact phase angle of the grid voltages can be determined by the proposed scheme in a few cycles. Figure 8 shows the simulation results for the estimation performance of the grid voltages and phase angle using the proposed scheme when the grid voltages have harmonic distortion as represented in Figure 5c . Despite the harmonic distortion, the proposed scheme shows an excellent performance in the estimation of the grid voltages as well as in the determination of the phase angle. To verify the feasibility of the proposed scheme, Figure 9 illustrates the comparative simulation results for the inverter output currents under the ideal grid condition between the conventional scheme with voltage measurements and the proposed voltage-sensorless control scheme. It is Figure 8 shows the simulation results for the estimation performance of the grid voltages and phase angle using the proposed scheme when the grid voltages have harmonic distortion as represented in Figure 5c . Despite the harmonic distortion, the proposed scheme shows an excellent performance in the estimation of the grid voltages as well as in the determination of the phase angle. To verify the feasibility of the proposed scheme, Figure 9 illustrates the comparative simulation results for the inverter output currents under the ideal grid condition between the conventional scheme with voltage measurements and the proposed voltage-sensorless control scheme. It is To verify the feasibility of the proposed scheme, Figure 9 illustrates the comparative simulation results for the inverter output currents under the ideal grid condition between the conventional scheme with voltage measurements and the proposed voltage-sensorless control scheme. It is obvious from these figures that the control performance of the proposed scheme is comparable to the case with voltage measurements. obvious from these figures that the control performance of the proposed scheme is comparable to the case with voltage measurements. Figure 10 represents the comparative simulation results under three-phase unbalanced grid voltages as in Figure 5b for the schemes with and without the voltage sensors. It is clearly shown that both schemes yield similar current waveforms, which proves that the proposed scheme works well even in this condition. Figure 11 shows the comparative simulation results under the harmonic distorted grid condition as in Figure 5c for the schemes with and without the voltage sensors. Similar to the previous simulations, Figure 11a ,b represents the inverter currents for the conventional and proposed scheme. On the other hand, Figure 11c shows the fast Fourier transform (FFT) result for a-phase current waveform in Figure 11b together with the harmonic limits on IEEE Standard 519-1992. In this case, both the current waveform and the power quality are slightly degraded in the proposed control scheme as compared with the conventional scheme due to the bandwidth limit of the LPF used in DOB. However, the harmonics on inverter currents are effectively maintained within the harmonic limits specified on IEEE Standard 519-1992 as in Figure 11c . Figure 10 represents the comparative simulation results under three-phase unbalanced grid voltages as in Figure 5b for the schemes with and without the voltage sensors. It is clearly shown that both schemes yield similar current waveforms, which proves that the proposed scheme works well even in this condition. obvious from these figures that the control performance of the proposed scheme is comparable to the case with voltage measurements. Figure 10 represents the comparative simulation results under three-phase unbalanced grid voltages as in Figure 5b for the schemes with and without the voltage sensors. It is clearly shown that both schemes yield similar current waveforms, which proves that the proposed scheme works well even in this condition. Figure 11 shows the comparative simulation results under the harmonic distorted grid condition as in Figure 5c for the schemes with and without the voltage sensors. Similar to the previous simulations, Figure 11a ,b represents the inverter currents for the conventional and proposed scheme. On the other hand, Figure 11c shows the fast Fourier transform (FFT) result for a-phase current waveform in Figure 11b together with the harmonic limits on IEEE Standard 519-1992. In this case, both the current waveform and the power quality are slightly degraded in the proposed control scheme as compared with the conventional scheme due to the bandwidth limit of the LPF used in DOB. However, the harmonics on inverter currents are effectively maintained within the harmonic limits specified on IEEE Standard 519-1992 as in Figure 11c . Figure 11 shows the comparative simulation results under the harmonic distorted grid condition as in Figure 5c for the schemes with and without the voltage sensors. Similar to the previous simulations, Figure 11a ,b represents the inverter currents for the conventional and proposed scheme. On the other hand, Figure 11c shows the fast Fourier transform (FFT) result for a-phase current waveform in Figure 11b together with the harmonic limits on IEEE Standard 519-1992. In this case, both the current waveform and the power quality are slightly degraded in the proposed control scheme as compared with the conventional scheme due to the bandwidth limit of the LPF used in DOB. However, the harmonics on inverter currents are effectively maintained within the harmonic limits specified on IEEE Standard 519-1992 as in Figure 11c . Figure 11 shows the comparative simulation results under the harmonic distorted grid condition as in Figure 5c for the schemes with and without the voltage sensors. Similar to the previous simulations, Figure 11a ,b represents the inverter currents for the conventional and proposed scheme. On the other hand, Figure 11c shows the fast Fourier transform (FFT) result for a-phase current waveform in Figure 11b together with the harmonic limits on IEEE Standard 519-1992. In this case, both the current waveform and the power quality are slightly degraded in the proposed control scheme as compared with the conventional scheme due to the bandwidth limit of the LPF used in DOB. However, the harmonics on inverter currents are effectively maintained within the harmonic limits specified on IEEE Standard 519-1992 as in Figure 11c . Figure 12 shows the estimation performance of grid voltages and corresponding inverter output current waveforms under different inductance variations. Even though the magnitude of current ripple is varied due to the different inductance values, the estimation performance of grid voltages is not affected by such a variation, which well proves the robustness of the proposed estimation algorithm. Figure 12 shows the estimation performance of grid voltages and corresponding inverter output current waveforms under different inductance variations. Even though the magnitude of current ripple is varied due to the different inductance values, the estimation performance of grid voltages is not affected by such a variation, which well proves the robustness of the proposed estimation algorithm. Figure 2 when the voltage feed-forward is considered under the nominal value of inductance and +20% variation of inductance, respectively. Despite the inductance variation, the frequency responses remain similar and both the frequency responses satisfy the stability criterion. In addition, the phase compensation does not affect the system stability because it is only used to change the phase angle, and thus, the reference current in the stationary frame. Figure 2 when the voltage feed-forward is considered under the nominal value of inductance and +20% variation of inductance, respectively. Despite the inductance variation, the frequency responses remain similar and both the frequency responses satisfy the stability criterion. In addition, the phase compensation does not affect the system stability because it is only used to change the phase angle, and thus, the reference current in the stationary frame. Figure 14 shows the estimation performance of grid voltages using the conventional linear Luenberger type disturbance observer under the ideal grid voltages, unbalanced grid voltages, and harmonic distorted grid voltages, respectively. The estimation performance of grid voltages is more or less similar to that of the proposed scheme depending on the observer error dynamics. This scheme also has the limitation that sinusoidally varying signals have to be tracked, and, thus, the current control performance will be much degraded without proper phase compensation. Figure 14 shows the estimation performance of grid voltages using the conventional linear Luenberger type disturbance observer under the ideal grid voltages, unbalanced grid voltages, and harmonic distorted grid voltages, respectively. The estimation performance of grid voltages is more or less similar to that of the proposed scheme depending on the observer error dynamics. This scheme also has the limitation that sinusoidally varying signals have to be tracked, and, thus, the current control performance will be much degraded without proper phase compensation.
To validate the actual availability of the proposed scheme, the experiments are carried out using the equipment depicted in Figures 3 and 4 . To validate the actual availability of the proposed scheme, the experiments are carried out using the equipment depicted in Figures 3 and 4 . Figure 15 shows the experimental results for the DOB based estimating performance of grid voltages under three different grid conditions as presented in Figure 5 . The experimental results accord well with the simulation results in Figures 6-8 , yielding the grid voltage information in a reasonable accuracy.
(a) To validate the actual availability of the proposed scheme, the experiments are carried out using the equipment depicted in Figures 3 and 4 . Figure 15 shows the experimental results for the DOB based estimating performance of grid voltages under three different grid conditions as presented in Figure 5 . The experimental results accord well with the simulation results in Figures 6-8 , yielding the grid voltage information in a reasonable accuracy.
(a) θ denotes the phase angle obtained using the estimated voltages with phase lead compensation, which is the phase angle determined by the proposed scheme. While the connection signal for the MC is given with the "control start signal" as shown in Figure 16a , it requires about 20 ms to operate. The connection instant is indicated by the "grid connection by MC on". As soon as the MC is closed and the inverter is connected to grid, the DOB estimates the grid voltages properly. As a result, the proposed voltage-sensorless scheme detects the exact phase angle of grid voltages within two cycles. Figure 16b represents three-phase inverter current waveforms with the "control start signal" during the start-up process. Similarly, it takes about 20 ms for MC to connect. As soon as MC is connected, the inverter is in grid connected mode. From that instant, both the control input and system output signals are available for the DOB for the estimation of grid voltage and phase angle. Even though some oscillatory currents are observed due to dynamic characteristics of the DOB after MC connection to grid, such a transient behavior disappears in few milliseconds. As a result, despite the uncertainty due to the absence of voltage sensors, the proposed scheme stabilizes the system operation rapidly without giving a harmful damage to system.
(a) Figure 5a . In the initial stage, the current references are set to small value (0.5 A) to prevent large abrupt currents caused by the inaccurate phase angle information in the absence of the grid voltage estimation. Figure 16a represents the waveforms of the measured a-phase grid voltage and phase angle estimation. In this figure, θ denotes the phase angle obtained using the measured voltages, which is referred as the real phase angle of grid voltages and used for only comparison purpose. On the other hand,θ c denotes the phase angle obtained using the estimated voltages with phase lead compensation, which is the phase angle determined by the proposed scheme. While the connection signal for the MC is given with the "control start signal" as shown in Figure 16a , it requires about 20 ms to operate. The connection instant is indicated by the "grid connection by MC on". As soon as the MC is closed and the inverter is connected to grid, the DOB estimates the grid voltages properly. As a result, the proposed voltage-sensorless scheme detects the exact phase angle of grid voltages within two cycles. Figure 16b represents three-phase inverter current waveforms with the "control start signal" during the start-up process. Similarly, it takes about 20 ms for MC to connect. As soon as MC is connected, the inverter is in grid connected mode. From that instant, both the control input and system output signals are available for the DOB for the estimation of grid voltage and phase angle. Even though some oscillatory currents are observed due to dynamic characteristics of the DOB after MC connection to grid, such a transient behavior disappears in few milliseconds. As a result, despite the uncertainty due to the absence of voltage sensors, the proposed scheme stabilizes the system operation rapidly without giving a harmful damage to system. Figure 17 shows the comparative experimental results for the schemes with and without the voltage sensors when the grid voltages are in ideal condition as shown in Figure 5a . The grid voltages are estimated in the stationary frame as (15) . These estimated grid voltages are used to generate the phase angle through the SRF-PLL with phase lead compensation as explained in Figure 2 . As expected, the current waveforms are quite similar for both the cases, which is well coincident with the simulation results in Figure 9 . This confirms the effectiveness of the proposed voltage-sensorless control scheme in an experimental way.
connect. As soon as MC is connected, the inverter is in grid connected mode. From that instant, both the control input and system output signals are available for the DOB for the estimation of grid voltage and phase angle. Even though some oscillatory currents are observed due to dynamic characteristics of the DOB after MC connection to grid, such a transient behavior disappears in few milliseconds. As a result, despite the uncertainty due to the absence of voltage sensors, the proposed scheme stabilizes the system operation rapidly without giving a harmful damage to system. Figure 5a . The grid voltages are estimated in the stationary frame as (15) . These estimated grid voltages are used to generate the phase angle through the SRF-PLL with phase lead compensation as explained in Figure  2 . As expected, the current waveforms are quite similar for both the cases, which is well coincident with the simulation results in Figure 9 . This confirms the effectiveness of the proposed voltage-sensorless control scheme in an experimental way. Figure 5a . The grid voltages are estimated in the stationary frame as (15) . These estimated grid voltages are used to generate the phase angle through the SRF-PLL with phase lead compensation as explained in Figure  2 . As expected, the current waveforms are quite similar for both the cases, which is well coincident with the simulation results in Figure 9 . This confirms the effectiveness of the proposed voltage-sensorless control scheme in an experimental way. Figure 18a ,b represents three-phase inverter current waveforms under unbalanced grid voltages and under harmonic distorted grid voltages, respectively. Generally, the harmonics on grid voltages directly influence on the current control performance, reducing the power quality of DG system. Even though the current waveforms are slightly distorted due to the Figure 18a ,b represents three-phase inverter current waveforms under unbalanced grid voltages and under harmonic distorted grid voltages, respectively. Generally, the harmonics on grid voltages directly influence on the current control performance, reducing the power quality of DG system. Even though the current waveforms are slightly distorted due to the harmonic distortion in grid voltages in Figure 18b , the current harmonics are within the limits specified on IEEE Standard 519-1992 as illustrated in Figure 18c , which proves that the proposed voltage-sensorless scheme still works even under the harmonic distorted grid. harmonic distortion in grid voltages in Figure 18b , the current harmonics are within the limits specified on IEEE Standard 519-1992 as illustrated in Figure 18c , which proves that the proposed voltage-sensorless scheme still works even under the harmonic distorted grid. To demonstrate the transient performance of the proposed scheme, Figure 19 shows the experimental results under the step change in the q-axis current reference from 1.5 A to 3 A. Figure  19a shows a-phase and b-phase currents, and Figure 19b shows the q-axis current. As shown in these figures, despite a slight oscillation depending on the choice of resonant gains, the currents are controlled to the reference immediately. From these results, it is confirmed that the proposed scheme operates stably during transient periods.
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Conclusions
To enhance the economic feasibility in DG systems without the loss of reliability, this paper presents a voltage-sensorless control scheme for a grid connected inverter using DOB. A grid connected inverter usually requires voltage measurements to detect the correct phase angle of the grid voltages. To obtain the grid voltage information without using the voltage sensors, the proposed scheme employs a DOB based technique to estimate the grid voltage from the current measurements and reference signals. By using the proposed DOB based estimation with a phase lead compensation, the phase angle of grid voltages can be completely restored even if the phase angle of grid is initially unknown. The proposed scheme mainly consists of two parts that are a control design of grid connected inverter based on the PR controller and the estimator design for the grid voltages as well as the phase angle. The proposed scheme is simple and straightforward. In addition, it does not require any additional hardware. Even in the initial stage, the proposed scheme does not cause any damage to system due to the uncertainty in phase angle. To verify the feasibility of the proposed voltage-sensorless control scheme, a 2 kVA prototype grid connected inverter has been constructed using the DSP TMS320F28335. Through the comparative simulations and experiments, it has been validated that the proposed scheme works effectively even under the uncertain grid such as the imbalance and harmonic distortion. 
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